Peer Review File

A Nascent Peptide Code for Translational Control of mRNA
Stability in Human Cells

Open Access This file is licensed under a Creative Commons Attribution 4.0

International License, which permits use, sharing, adaptation, distribution and

reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons license, and indicate if
changes were made. In the cases where the authors are anonymous, such as is the case for the reports of
anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear
attribution to the source work. The images or other third party material in this file are included in the
article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.




REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

In their manuscript entitled “A Nascent Peptide Code for Translation Control of mRNA Stability in
Human Cells” Burke et all using a combination of sequencing based screening and measurements of
translation elongation and mRNA decay to identify novel motifs that destabilize the mRNA. The
authors show that specific combinations of dipeptide repeats lead to substantial differences in mRNA
levels. Through different combinations of 4x repeats Serine, Valine, Lysine, Phenyalanine, they can
alter the peptide -structure from a B-strand to an a-helix. These structural changes lead to ~16 fold
changes in mRNA levels, as well as a large decrease in translation elongation speed from the amino
acid combinations that formed B-strands. Finally, they explored whether this dipeptide code they
identified has an impact on gene expression of endogenous genes. They found that at sights enriched
for this dipeptide code there was an increase in ribosome density, indicative of slowing of ribosome
elongation, and that these endogenous sequences drove a decrease in mRNA levels when inserted into
a reporter.

Overall, this is a very interesting paper that makes novel observations about the importance of amino
acid combinations impacting translation elongation and mRNA decay.

Comments:

While this mechanism is described “as a quality control mechanism to test the ability of B-strands to
fold into anti-parallel B-sheets and thus avoid aggregation.” The question arises of whether these
ribosome stalls arise to drive quality control and degrade proteins that are not folding properly or
maybe to just slow elongation times to give more time for proper protein folding, or help in the
recruitment of chaperones or all of the above. It would be informative to test whether these peptides
drive ribosome quality control by using the dual fluorescent reporter from Fig 1A and measuring
whether the ratio of RFP to YFP dramatically changes when dipeptide repeats that induce mRNA
instability are introduced.

It would also be useful to add to the discussion that slow translation elongation can help recruit
protein chaperones (Zhao et al 2021 Genome Biology and Stein et al 2019 Mol Cell), which may be
important to properly fold B-strands.

From Figure 3A, mRNAs with dipeptide repeats containing an a-helix are significantly more stable than
those grouped as “other”. I believe it would be useful for the authors to discuss the possibility that a-
helixes may stabilize mRNAs or if not postulate why they think that is not the case.

Its unclear if median normalization is the best way to normalize data from Pools 2 and 4 as they have
smaller and selected Pools of peptide motifs. For example in Pool 2 this seems to skew the data
towards further mRNA destabilization relative to the same data produced in Pool 1. RH, VK, SF all
seem to have larger destabilizing effects than in the original library. Would it be better to normalize
against a previous value, such as the RH value in Pool 1? It wouldn’t change the magnitude of
differences in any of the experiments, but could make it easier to compare across experiments.

It could be useful to readers if the authors were able to postulate further into why Arg-His, His-Arg
give some of the strongest mRNA destabilizing effects when there is no predicted B-strand formation,
and other positively charged amino acid stretches have much lower effects - Arg-Arg, Arg-Lys for
example?



Reviewer #2 (Remarks to the Author):

The manuscript from Subramaniam and colleagues builds upon the recent and surprising observation
that translational elongation rate impact mRNA stability. For the past few years, it has been
established that codon content can impact mMRNA decay rates through what is termed codon optimality
- the discontinuous rate of decoding based on subtile variations in tRNA concentration. In this
manuscript, the authors document that polypeptide sequence can also impact mRNA decay rates,
presumably by slowing translational elongation, i.e. the nascent polypeptide is “congesting” the
ribosome exit channel. The data are of high quality. The documentation of polypeptide sequence on
mRNA stability is clear. The documentation of polypeptide sequence influencing ribosome movement is
clear. The only thing that is lacking from this manuscript is the mechanism by which mRNA stability is
impacted. Are these results through ribosome stalling, thus a NoGo mRNA decay response? Or does
polypeptide sequence impact what is termed “Codon Optimality Mediated mRNA Decay” - this being a
CNOT3 response? Alternatively it could be both? Or perhaps something else? It seems like the
manuscript would be greatly improved by providing some mechanism. With mechanism, this is a very
exciting paper.

Reviewer #3 (Remarks to the Author):

Summary:

In this study, the authors seek to examine the determinants of mRNA stability and links to human
gene expression, by considering the primary coding sequence of the mRNA. For this, the authors
develop a set of painstaking experiments involving an extensive library coding for dipeptide pairs,
CRISPR to enable endogenous expression within human cells, and implementing high-throughput
sequencing set-up to quantify mRNA levels by comparing this to genomic DNA. The authors quantify
mRNA transcripts and relate this to the primary amino acid sequence of the transcript (as translated
peptides). They present evidence of the secondary structure propensity for these peptides, and later,
evidence of their impact on translational speed and fidelity. The authors conclude that Lys/Arg (with
bulky residues) with beta-strand propensities cause ribosome stalling. They propose a generalized
mechanism where such nascent peptides cause ribosome stalling which is in turn, is related to mRNA
stability. Overall, this study presents noteworthy results.

Discussion points:

Broadly, the robust technology that the authors have developed is exciting because it offers a means
to determine mRNA quantity of a set of genes by comparing this to the levels of genomic DNA. It
would seem to me, however, that its output reports on mRNA abundance (steady-state levels), rather
than specifically mRNA stability (i.e. half-life); throughout the manuscript the authors use the terms
"steady-state mRNA levels" and "mRNA stability" interchangeably. It would be helpful if they could
perhaps clarify their nomenclature as necessary (This may appear a trivial concern, but has
implications for the author’s later deductions).

This study then follows on to present some lovely data including illustrating a relationship between
mRNA levels and the primary amino acid sequence of the mRNA transcript. However, beyond this, I
am perhaps less convinced that the authors have shown a definitive connection between mRNA
stability and ribosome stalling (and thus human gene expression):

1/ In Figure 4C, the authors show changes in translational rates for the dipeptides and later rationalize
this in terms of translational arrest (Figure 5B) by re-analysing published ribosome profiling data from
HEK293T cells. The original data (Han P et al) already show a propensity for Lys/Arg based motifs
inducing ribosome collision/disomes and thus result in ribosomal pausing and very often, arrest. It
would be helpful if the authors could show some independent (experimental) evidence of ribosome
stalling, since it is a significant finding that they propose from their work (e.g. Line 231, in relation to
eukaryotic stall motifs). Along similar lines, it would be helpful for the authors to comment on how



translation rates specifically refer to for ribosome stalling, rather than transient pausing/discontinuous
translation.

2/ The authors relate the secondary structure propensity of their dipeptide repeats to ribosome
stalling, by discussing possible nascent peptide structure formation and the geometry of the exit
tunnel. They use this as a means of rationalizing a stalling mechanism and extrapolate this to global
gene expression.

It is highly likely that the dipeptide repeats being considered (12-16 aa) interact within the region
between the PTC and ulL4/ulL22 constriction, to induce pausing or stalling (consistent with translational
arrest motifs as observed by cryoEM), however the formation of even very simple tertiary structures
(e.g. beta hairpins) typically form beyond the (narrow) constriction. Not all stalling motifs rely on a
structured nascent chain either as the authors mentioned. Generally, confirming a stalling mechanism
for the new peptides would require more experimental evidence of the ribosome-nascent chain
complexes themselves.

I have no doubt that there is a relationship between ribosome stalling and the regulation of gene
expression. These links, however, are largely indirect in the data presented. As mentioned above,
discerning between mRNA abundance and mRNA stability becomes relevant: For example, ribosome
stalling typically induces quality control mechanisms (e.g. RQC), but how this ultimately impacts on an
mRNA’s stability (i.e. its half-life) or further upstream, its production via transcriptional activation, is
not clear from the data. The authors do show actinomycin D data (Figure 2B), but not enough
corroborating data showing ribosome stalling and/or protein expression levels.

Perhaps the authors could also have analysed/discussed their data further in the context of related
studies that they have referenced? (synonymous codon usage, mRNA structure, GC content etc -
mentioned in Line 227 onwards)?

3/ Finally, the authors suggest that the presence of nascent peptides with bulky and extended beta-
strand propensities are likely to induce stalling, as a means by which the ribosome avoids aggregation.
This scenario is likely to have some nascent peptide length dependence to it, and other considerations
too. At least from the current data presented in this study, it is not very clear how (or when) the
ribosome might discern a 12-16aa aggregation-prone peptide on its primary sequence alone.

Fundamentally, this is an intriguing study and has the potential to provide some incredible conceptual
leaps. I am therefore wholly supportive of the author’s intentions. However, some of the experimental
evidence feels a little premature to justify the study’s major findings.



Response to Reviewers

Summary of changes

We thank all three reviewers for their constructive feedback on our manuscript. We have now performed

extensive experiments, analyses, and rewriting of our manuscript to address all their concerns. We believe

that these changes significantly improve the rigor of our conclusions and the clarity of our discussion. We

highlight below key experiments, analyses, and re-writing in the revised manuscript, which is followed by

a detailed point-by-point response.

1)

To establish protein-level effects for the dipeptide inserts identified to reduce mRNA levels in our
study, we performed fluorescence activated cell sorting combined with deep sequencing (FACS-
seq) on the HEK293T cell pool expressing our 8x dicodon library (Fig. 1A) . This experiment shows

that inserts that reduce mRNA levels also cause premature abortive termination (Fig. 2C-D).

To show that motifs triggering mRNA instability and premature termination also slow ribosome trans-
lation, we performed kinetic measurements on reporters encoding a destabilizing dipeptide repeat.
These experiments show that the destabilizing dipeptide repeat slows translation elongation relative

to a frame-shifted control repeat (Fig. S3).

To identify the location of ribosomes at the dipeptide peptides identified as reducing mRNA levels, we
performed ribosome profiling on mMRNAs with synthetic 8 strand motifs translated using in vitro rabbit
reticulocyte lysates. Preliminary results from this assay show that the destabilizing B strand motif
identified in our study specifically slows down ribosomes when the motif is just fully translated. These
results further support our model of ribosome slowdown due to interactions between the nascent

peptide and the ribosome exit tunnel.

To determine the effects of synonymous codon usage, codon optimality, GC and GC3 content in
our assay, we systematically correlated related metrics from previous studies with the mRNA effects
measured in our massively parallel assay. These analyses show small yet significant correlations
with several of these previously determined metrics (Fig. S1). We provide a thorough discussion of

these results in the revised manuscript (lines 80—84, lines 209-227).

As suggested by reviewers, we have extensively updated our Discussion section to address the
potential mechanisms by which charged and bulky  strand nascent peptides destabilize mRNA,
how these nascent peptide motifs can slow down ribosomes, and why some non -stranded motifs

such as arginine-histidine repeats also reduce mRNA abundance.



Reviewer 1

Summary

In their manuscript entitled “A Nascent Peptide Code for Translation Control of mRNA Stability in Human
Cells” Burke et all using a combination of sequencing based screening and measurements of translation
elongation and mRNA decay to identify novel motifs that destabilize the mRNA. The authors show that
specific combinations of dipeptide repeats lead to substantial differences in mRNA levels. Through differ-
ent combinations of 4x repeats Serine, Valine, Lysine, Phenylalanine, they can alter the peptide -structure
from a 3-strand to an a-helix. These structural changes lead to 16 fold changes in mRNA levels, as well as
a large decrease in translation elongation speed from the amino acid combinations that formed 3-strands.
Finally, they explored whether this dipeptide code they identified has an impact on gene expression of
endogenous genes. They found that at sites enriched for this dipeptide code there was an increase in
ribosome density, indicative of slowing of ribosome elongation, and that these endogenous sequences

drove a decrease in mRNA levels when inserted into a reporter.

Overall, this is a very interesting paper that makes novel observations about the importance of amino acid

combinations impacting translation elongation and mRNA decay.

We thank the reviewer for recognizing the interesting and novel implications of our work.

Comments

1. While this mechanism is described “as a quality control mechanism to test the ability of B-strands to
fold into antiparallel B-sheets and thus avoid aggregation.” The question arises of whether these ribosome
stalls arise to drive quality control and degrade proteins that are not folding properly or maybe to just slow
elongation times to give more time for proper protein folding, or help in the recruitment of chaperones or
all of the above. It would be informative to test whether these peptides drive ribosome quality control by
using the dual fluorescent reporter from Fig 1A and measuring whether the ratio of RFP to YFP dramatically

changes when dipeptide repeats that induce mRNA instability are introduced.

As suggested by the reviewer, we used our dual fluorescence reporter system to perform FACS-seq
(Noderer et al., 2014) on the library of 4096 8x dicodon inserts from Fig. 1A. Dual fluorescent reporters
with 2A-linked stall sequences are widely used throughout the translational quality control literature, with
abortive premature termination signal used to identify effects on protein expression (Han et al., 2020;
Juszkiewicz and Hegde, 2017; Sinha et al., 2020; Sundaramoorthy et al., 2017). Reasoning that a low
YFP to RFP ratio will indicate abortive translation termination, we used deep sequencing to identify inserts
that were enriched in a FACS gate corresponding to low YFP / RFP ratio (Fig. 2C). As a positive control
for this assay, we found that all stop codon-containing insert sequences were enriched in this gate since

ribosomes will terminate before translation YFP in these constructs (Fig. 2D, reproduced as Fig. RR1



below). Similarly, we found that dipeptides inserts that reduce mRNA levels 2-fold or more below the me-
dian in Fig. 1C were also highly enriched in this premature termination bin relative to all other inserts (Fig.
2D, reproduced as Fig. RR1 below). These results show that the dipeptides identified as reducing mRNA

levels and mRNA stability in our assay drive abortive premature termination.
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Figure RR1 (Fig. 2D in manuscript): Enrichment of dipeptide inserts in the low-YFP gate is shown for three subgroups; inserts
encoding in-frame stop codons, dipeptide repeats with mRNA level < -1 (log2, a.u.) in Fig. 1C, and all other inserts. Enrichment

values for the RH8, VK8, and SF8 dipeptides are highlighted in orange (RH8, VK8, SF8; left to right). ***: P <0.001 (two-sided
Mann-Whitney U test) for differences between subgroups.

2. It would also be useful to add to the discussion that slow translation elongation can help recruit protein
chaperones (Zhao et al 2021 Genome Biology and Stein et al 2019 Mol Cell), which may be important to
properly fold B-strands.

We have added this point and the related references to our Discussion section (line 305):

Slow translation elongation without mRNA decay can also help recruit protein chaperones,

which may be important to properly fold B strands (Stein et al., 2019; Zhao et al., 2021).

3. From Figure 3A, mRNAs with dipeptide repeats containing an a helix are significantly more stable than
those grouped as “other”. | believe it would be useful for the authors to discuss the possibility that a-helixes

may stabilize mRNAs or if not postulate why they think that is not the case.

We believe that 8 strand formation is destabilizing, rather than a helix formation being stabilizing for the

following reasons (discussed in lines 256—261):

First, Fig. 3B shows only aggregates across groups of dipeptides, and such aggregates can result in
spurious correlations (Simpson’s paradox). In this specific case, we believe that a helix-forming dipeptides,
as a group, show higher mRNA levels due to under-representation of the mRNA-destabilizing arginine and
lysine residues in the predicted a helices in our library (Figure S2A, reproduced as Figure RR2 below).

This is why we performed the more stringent test of looking at the a helical and B stranded propensities



of individual destabilizing dipeptides in Fig. 3C. This stronger test clearly shows a significant correlation
of mMRNA destabilization with B-stranded propensity but not with a-helical propensity. We also note the
direct relationship between mRNA instability and dipeptide 8 strand-forming propensity observed in our

secondary structure perturbation experiments (Fig. 4D).
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Figure RR2 (Fig. S2A in manuscript): Number of dipeptide-encoding reporters from Fig. 1C that contain either arginine or lysine
amino acids, partitioned by predicted protein secondary structure as in Fig. 3B.

Second, there are no known mechanisms by which a helix formation stabilizes mRNAs. On the contrary,
nascent a helices have been previously postulated to stall ibosomes due to interactions with the ribosome
exit tunnel (Bhushan et al., 2010).

Third, we note that a substantial number of predicted unstructured motifs also reduce mRNA level (Fig.
3B). As we note in the Discussion, some unstructured motifs may actually form 3 strands within the confines
of the ribosome exit tunnel that is not captured by the prediction model for isolated peptides. As we also
find in our own data, some unstructured motifs can destabilize mRNA without B strand formation (see also

point 5, below).

4. It’s unclear if median normalization is the best way to normalize data from Pools 2 and 4 as they have
smaller and selected Pools of peptide motifs. For example in Pool 2 this seems to skew the data towards
further mRNA destabilization relative to the same data produced in Pool 1. RH, VK, SF all seem to have
larger destabilizing effects than in the original library. Would it be better to normalize against a previous
value, such as the RH value in Pool 1?7 It wouldn’t change the magnitude of differences in any of the

experiments, but could make it easier to compare across experiments.

Pool 2 included 1500 motif inserts picked for an unrelated experiment (this was done to economize oligo
synthesis). In our initial Pool 2 analysis, we median-normalized to this entire pool, however the majority
of these unrelated inserts had no or positive effects, resulting in a more pronounced skew towards lower

mMRNA levels for our tested destabilizing inserts picked from Pool 1. This was an oversight on our part,

4



and was not reflected in our description of the methods — we thank the reviewer for pointing out this
discrepancy. We have updated our Pool 2 analysis to include only the dipeptide motif inserts described
in this work. While the effect magnitudes and trends remain the same, this corrected analysis brings the
Pool 2 median-normalized mRNA level values more in line with those measured in Pool 1. However, the
absolute mRNA level values for each pool are still imprecise, particularly at lower insert read counts. For
this reason, we chose not to re-normalize our pools to the RH8 insert, as the mRNA barcode counts for
this insert are low and prone to fluctuation. Thus, we feel that median normalization within pools is more
robust, as the median isn’t affected by outliers. The remaining differences in mRNA level values for inserts
between experiments are likely due to slight differences in growth, cell confluency, RNA harvest conditions,

and sequencing depth.

5. It could be useful to readers if the authors were able to postulate further into why Arg-His, His-Arg give
some of the strongest mMRNA destabilizing effects when there is no predicted B strand formation, and other

positively charged amino acid stretches have much lower effects — Arg-Arg, Arg-Lys for example?

As suggested by the reviewer, we have updated our Discussion section to address how the Arg-His repeat

might cause such strong effects on mRNA level without 8 strand formation (lines 261-275):

For example, the arginine-histidine dipeptide repeat destabilizes mRNA and causes premature
termination similar to the B stranded Val-Lys and Ser-Phe inserts (Fig. 2A-D). Unlike these lat-
ter inserts, Arg-His effects require a longer insert length and strict dipeptide periodicity (Fig.
2E-F), and occur with no predicted 8 strand formation (Fig. 3A). The 8xArg-His repeats are
reminiscent of dipeptide repeat expansions in the human C9ORF72 gene, which cause neuro-
logical disease in humans (DeJesus-Hernandez et al., 2011; Mizielinska et al., 2014; Renton
et al.,, 2011). Alternate initiation in the C9ORF72 ORF results in translation of extended Arg-
Gly and Arg-Pro repeats, which stall ribosomes and cause premature termination in a length
dependent manner, with 20x dipeptide repeats being the minimal length required to to stall
ribosomes (Kriachkov et al., 2022; Loveland et al., 2022). Unsurprisingly, we do not observe
marked effects from 8x Arg-Gly or Arg-Pro in our assay, as 10x repeats of these dipeptides do
not cause premature termination (Kriachkov et al., 2022). However, to our knowledge, Arg-His
dipeptide repeats have never been tested in this manner prior to our work. It may be that Arg-
His repeats impact translation through a similar mechanism as Arg-Gly and Arg-Pro repeats,
but with a more acute effect on ribosome elongation that requires fewer repeats to trigger. No-
tably, recent studies have shown that Arg-rich peptides without Gly or Pro dipeptide periodicity
(for example 12xArg) do not stall ribosomes (Kanekura et al., 2018; Kriachkov et al., 2022).
This agrees with our finding that positively charged dipeptide repeats composed of 8xRR and



8xRK have little effect on mRNA levels (Fig. 1C).
Reviewer 2
Summary
The manuscript from Subramaniam and colleagues builds upon the recent and surprising observation that
translational elongation rate impacts mRNA stability. For the past few years, it has been established that
codon content can impact mRNA decay rates through what is termed codon optimality - the discontinuous
rate of decoding based on subtle variations in tRNA concentration. In this manuscript, the authors docu-
ment that polypeptide sequence can also impact mRNA decay rates, presumably by slowing translational
elongation, i.e. the nascent polypeptide is “congesting” the ribosome exit channel.
Comments
1. The data are of high quality. The documentation of polypeptide sequence on mRNA stability is clear.

The documentation of polypeptide sequence influencing ribosome movement is clear.
We thank the reviewer for highlighting the quality and clarity of our work.

2. The only thing that is lacking from this manuscript is the mechanism by which mRNA stability is impacted.
Are these results through ribosome stalling, thus a NoGo mRNA decay response? Or does polypeptide
sequence impact what is termed “Codon Optimality Mediated mRNA Decay” - this being a CNOT3 re-
sponse? Alternatively it could be both? Or perhaps something else? It seems like the manuscript would

be greatly improved by providing some mechanism. With mechanism, this is a very exciting paper.

We performed the following experiments to address the mechanism by which dipeptide repeats impact
mRNA stability:

We have now performed FACS-seq to detect premature abortive translation termination (see response
to Reviewer#1, point 2). These experiments indicate that ribosomes prematurely terminate when they

translate these destabilizing dipeptide insert sequences (Fig. RR1).

To confirm that the destabilizing inserts from our 8x library screen slow ribosome elongation, we tested the
translation kinetics of the VK8 insert characterized in Fig. 2, using the in vitro RRL reporter assay from
Fig. 4C. The VK8 insert slows ribosome elongation time relative to its frameshifted control to a similar
degree as the B-strand inserts in Fig. 4C (~100s). These data are added to the manuscript as Fig. S3B,

and reproduced as Figure RR3 below.
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Figure RR3 (Fig. S3B in manuscript): In vitro measurement of ribosome transit time on mRNAs encoding the 8xVal-Lys dipeptide
or its +2 frameshifted control, followed by Nanoluciferase. Luminescence is measured as a function of time after addition of in
vitro transcribed mRNAs to rabbit reticulocyte lysate (RRL) at t=0s (left panel). Standard error of measurement across three
technical replicates is shown as a shaded area on either side of the mean. Ribosome transit times (right panel) are estimated by
measuring the X-intercept of the linear portion of the raw luminescence signal in the left panel.

Since the destabilizing dipeptide inserts we identify cause both ribosome slowdown and premature ter-
mination, we sought to test whether they trigger ribosome-associated quality control (RQC), which could
result in mRNA instability through a corresponding mammalian NoGo decay-like pathway Weber et al.
(2020). We discuss this potential mechanism in lines 276—285 of our revised manuscript. To confirm
whether RQC factors play a role, we made extensive attempts over past several months to generate
CRISPR knockout cells for ZNF598, a key effector for the RQC pathway (Juszkiewicz and Hegde, 2017;
Sundaramoorthy et al., 2017). However, our efforts to generate a robust knockout cell line were unsuc-
cessful, with poor antibodies to ZNF598 limiting our ability to detect the presence or absence of this low

abundance protein.

It is possible that some dipeptides in our assay cause ribosome slowdown and premature termination
without the involvement of RQC. In fact, several examples of pathological peptide repeat sequences that
cause ribosome slowdown and premature termination without triggering RQC have been identified in the
literature (Kriachkov et al., 2022). This includes Arg-Gly and Arg-Pro dipeptides from C9ORF72, which
cause amyotrophic lateral sclerosis and frontotemporal dementia (DeJesus-Hernandez et al., 2011; Ren-
ton et al., 2011), and poly-glutamine repeats translated from CAG nucleotide repeat expansions in HTT,
which cause Huntington’s disease (Aviner et al., 2022; Yang et al., 2016; Zheng et al., 2017). Interestingly,
although the RQC pathway isn’t demonstrated to act directly on these toxic repeats, expression of RQC
pathway components is correlated with limited disease severity in both instances (Aviner et al., 2022; Park

et al., 2021). We note these points in our Discussion section (lines 285-291).

To test the alternate mechanism of Ccr4-NOT codon optimality-dependent mRNA decay (Gillen et al.,
2021), we reanalyzed our 8x library data to plot the relationship between our mRNA abundance and

previous measures of codon optimality. However, we do not observe a relationship between the average



effects of codons in our 8x library with previous measures of codon optimality in HEK293T cells (Figure S1E
- reproduced below as Figure RR4). We also did not observe correlation with GC3 content, which has also
been postulated to impact mRNA stability in human cells in a CNOT3-dependent manner (Absmeier et al.,
2022). Finally, since we do clearly observe premature abortive translation termination at our destabilizing
repeats (Fig. RR1), we believe that codon optimality-mediated mRNA decay is unlikely to play a role, since
this pathway does not cause premature termination in humans or yeast (Buschauer et al., 2020; Gillen et

al., 2021; Veltri et al., 2022).
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Figure RR4 (Fig. S1E in manuscript): Average codon effects on mRNA levels plotted from high to low, with codons colored by
HEK293T codon optimality (Wu et al., 2019).

Reviewer 3

Summary

In this study, the authors seek to examine the determinants of mRNA stability and links to human gene
expression, by considering the primary coding sequence of the mRNA. For this, the authors develop
a set of painstaking experiments involving an extensive library coding for dipeptide pairs, CRISPR to
enable endogenous expression within human cells, and implementing high-throughput sequencing set-up
to quantify mRNA levels by comparing this to genomic DNA. The authors quantify mRNA transcripts and
relate this to the primary amino acid sequence of the transcript (as translated peptides). They present
evidence of the secondary structure propensity for these peptides, and later, evidence of their impact
on translational speed and fidelity. The authors conclude that Lys/Arg (with bulky residues) with beta-
strand propensities cause ribosome stalling. They propose a generalized mechanism where such nascent
peptides cause ribosome stalling which in turn, is related to mRNA stability. Overall, this study presents
noteworthy results.

Comments

1. Broadly, the robust technology that the authors have developed is exciting because it offers a means
to determine mRNA quantity of a set of genes by comparing this to the levels of genomic DNA. It would
seem to me, however, that its output reports on mRNA abundance (steady-state levels), rather than specif-
ically mRNA stability (i.e. half-life); throughout the manuscript the authors use the terms "steady-state

mMRNA levels” and "mRNA stability” interchangeably. It would be helpful if they could perhaps clarify their



nomenclature as necessary (This may appear a trivial concern, but has implications for the author’s later

deductions).

As the reviewer notes, our high-throughput assay reports on steady-state mRNA levels rather than mRNA
stability, and we agree that this distinction is important for interpreting our results. We have revised the
text to refer specifically to “mRNA stability” or “steady-state mRNA levels (or abundance)” as appropriate

for each experiment.

This study then follows on to present some lovely data including illustrating a relationship between mRNA
levels and the primary amino acid sequence of the mRNA transcript. However, beyond this, | am perhaps
less convinced that the authors have shown a definitive connection between mRNA stability and ribosome

stalling (and thus human gene expression)

2. In Figure 4C, the authors show changes in translational rates for the dipeptides and later rationalize
this in terms of translational arrest (Figure 5B) by re-analysing published ribosome profiling data from
HEK293T cells. The original data (Han P et al) already show a propensity for Lys/Arg based motifs inducing
ribosome collision/disomes and thus result in ribosomal pausing and very often, arrest. It would be helpful
if the authors could show some independent (experimental) evidence of ribosome stalling, since it is a

significant finding that they propose from their work (e.g. Line 231, in relation to eukaryotic stall motifs).

The reviewer correctly notes that ribosome density on mRNAs encoding positively charge and bulky
residue combinations is not independent of the Lys/Arg-mediated density previously demonstrated by
Han et a. 2020, as well as other studies (Han et al., 2020; Janich et al., 2015; Kuppers et al., 2019).
In fact, Han and colleagues also observed that not just lysine and arginine residues, but a combination
of charged residues interspersed with bulky residues such as phenylalanine and isoleucine, were highly
enriched in the P site of stalled ribosomes. Since this observation agrees with our experimental data of
charged and bulky residue effects, and we cannot readily distinguish between ribosome density caused
by Lys/Arg alone versus Lys/Arg in combination with bulky residues, we have removed this repetition and

instead refer to the disome profiling results from Han at al. 2020 (lines 177—182):

Nascent peptides that contain positively charged and bulky amino acids and that are predicted
to form B strands trigger ribosome slowdown in human cells. This observation agrees with
disome profiling results on endogenous mRNAs, where R-X-K motifs (R — Arg, X —any amino
acid, K — lysine) are highly enriched at E, P, and A sites respectively of the lead ribosome (Han
et al., 2020). Notably, several R-X-K motifs with the highest disome density have interspersed

bulky residues such as phenylalanine, isoleucine, and leucine (Han et al., 2020).

To show independent experimental evidence of ribosome stalling as requested by the reviewer, we per-



formed ribosome profiling on the 3 strand (SVKF) and a helix-forming (SKVF) peptide reporters from Fig.
4C in rabbit reticulocyte lysates, following the protocol developed by Bhatt et al. 2021 (Bhatt et al., 2021).
These reporters differ only in primary sequence and secondary structure but have the same amino acid
composition, thus controlling for the effect of any individual amino acid. We observed a specific increase
in ribosome density for the 3-strand reporter immediately downstream of the 4xSVKF B-strand insert re-
porter, but not for the 4xSKVF a-helix reporter (Figure RR5 below), suggesting that these peptides are
just fully translated before slowing ribosomes. However, a caveat is that most of the sequencing reads
underlying these results originated from ribosome footprints in the 35-40 nt range, while typical Ribo-seq
footprints are in the 27-35 nt range. We believe that this read length discrepancy might arise from in-
complete RNase digestion or from a specific feature of performing Ribo-seq in rabbit reticulocyte lysates.

Given these caveats, we chose not to include these results in our manuscript.

A B 4xSKVF insert (a helix)
Insert 2500
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¢ In vitro 1000 l
transcription < 500
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Location of 5' end of footprint along ORF (nt)

c 4xSKVF insert

1000
TTTAGTAAGGTATTTTCGAAAGTGTTCAGCAAGGGCGAGGAG
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Figure RR5: (A) Ribosome profiling of mMRNAs encoding a helix or # strand-forming nanoluciferase reporters (from Figure 4C),
during In vitro translation in rabbit reticulocyte lysate. (B) Ribosome profiling read counts from a helix (4xSKVF, top) and £ strand
(4xSVKF, bottom) reporters. Only reads between 35-40 nucleotides in length were analyzed. (C) Zoomed in view of the ribosome
density in the region highlighted in blue in B. This region encompasses the last 9 amino acids of the a helix (top) or 8 strand
(bottom) inserts.

3. Along similar lines, it would be helpful for the authors to comment on how translation rates specifically
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refer to ribosome stalling, rather than transient pausing/discontinuous translation.

As our in vitro rabbit reticulocyte ribosome transit assay on its own cannot distinguish stalling from elon-
gation slowdown (Fig. 4C), we have edited the text to refer only to ribosome elongation slowdown when
discussing these data. Our preliminary Ribo-seq experiment on in vitro mRNAs above suggests that this
slowdown occurs at a defined location on the mRNA, but without conclusive measurement of the stall du-
ration relative to other known stalls, we cannot definitively conclude that this slowdown is a stall. Thus, we
have used ‘ribosome slowdown’ consistently throughout the manuscript, except when discussing known

stalls.

4a. The authors relate the secondary structure propensity of their dipeptide repeats to ribosome stalling,
by discussing possible nascent peptide structure formation and the geometry of the exit tunnel. They use
this as a means of rationalizing a stalling mechanism and extrapolate this to global gene expression. It is
highly likely that the dipeptide repeats being considered (12-16 aa) interact within the region between the
PTC and uL4/uL22 constriction, to induce pausing or stalling (consistent with translational arrest motifs as
observed by cryoEM), however the formation of even very simple tertiary structures (e.g. beta hairpins)
typically form beyond the (narrow) constriction. Not all stalling motifs rely on a structured nascent chain
either as the authors mentioned. Generally, confirming a stalling mechanism for the new peptides would

require more experimental evidence of the ribosome-nascent chain complexes themselves.

4b. The authors suggest that the presence of nascent peptides with bulky and extended beta-strand
propensities are likely to induce stalling, as a means by which the ribosome avoids aggregation. This
scenario is likely to have some nascent peptide length dependence to it, and other considerations too. At
least from the current data presented in this study, it is not very clear how (or when) the ribosome might

discern a 12-16aa aggregation-prone peptide on its primary sequence alone.
Our responses to the above two comments are related, so we will address them both here.

We agree with the reviewer that confirming a nascent peptide stalling mechanism will require more ex-
perimental evidence; ideally cryo-electron microscopy and comprehensive mutational scanning studies of
the ribosome-nascent chain complexes. Since these studies would be beyond the scope of the current
work, we refrain from claiming a specific mechanism for B strand-mediated stalling in our results. We have
edited our Discussion to clarify the points raised by the reviewer on potential arrest mechanisms based

on known properties of stalling nascent peptides (Ito and Chiba, 2013; Wilson et al., 2016) as follows:

First, we note the requirement for both charged and bulky amino acids in the primary nascent peptide

sequence (lines 228—-236):

11



While positive charge in the nascent peptide can slow ribosomes (Charneski and Hurst, 2013;
Lu and Deutsch, 2008), our results show that positive charge by itself is insufficient to induce
changes in gene expression in human cells. The importance of bulky amino acids for mRNA
stability effects is in line with the role of side chain bulk in ribosome-associated quality con-
trol in S. cerevisiae (Mizuno et al., 2021). Further, bulky synthetic amino acid analogs in the
nascent peptide and small molecules that add bulk to the exit tunnel can both reduce ribosome
elongation rate (Li et al., 2019; Lu et al., 2011; Po et al., 2017; Ramu et al., 2011). Ribo-
some profiling in S. cerevisiae and human cells shows that tripeptide combinations of bulky
and positively charged amino acids are enriched at sites of increased ribosome density (Han
et al., 2020; Sabi and Tuller, 2017). Bulky and positively charged amino acids also play critical
roles in many known ribosome-arresting peptides (Matheisl! et al., 2015; Matsuo et al., 2020;
Parola and Kobilka, 1994; Reynolds et al., 1996, Shanmuganathan et al., 2019), and several
human arrest peptide sequences stall ribosomes specifically in the presence of small molecule

metabolites or drugs in the ribosome exit tunnel (lvanov et al., 2018; Lintner et al., 2017).

Second, ribosome arrest peptides rely on more than just primary sequence. Known arrest peptides form
unigue contacts with the ribosome exit tunnel proteins and rRNA; both nascent peptide length and sec-
ondary structure inside the exit tunnel are critical for these interactions. We note these in our manuscript

as follows (lines 236239, 241-243):

Structural studies of arrest peptides suggest that bulky and positively charged amino acids
might slow down ribosomes by altering the geometry of the peptidyl-transferase center (PTC)
and/or by steric interactions with the constriction point in the exit tunnel formed by the uL4 and
uL22 proteins (Bhushan et al., 2011; Matsuo et al., 2020; Seidelt et al., 2009, Shanmuganathan
etal., 2019).

This role of a simple secondary structural motif like B strand is surprising given that cryo-EM
studies of stalled ribosome nascent chain complexes reveal a diverse range of extended con-
formations, turns, and helices that are specific to each arrest peptide (Li et al., 2019; Matheis/

et al., 2015; Matsuo et al., 2020; Su et al., 2017; Wilson et al., 2016).

Finally, while tertiary structures such as B hairpins do not form before the uL4/uL22 constriction point,
secondary structures such as a helices, isolated 3 strands, or unstructured conformations can form within
the exit tunnel between the PTC and the constriction (Bhushan et al., 2010; lto and Chiba, 2013; Khrustalev
et al., 2018; Lu and Deutsch, 2005). To discuss this point more clearly, we have updated our previously

ambiguous text regarding 3 strand formation as follows (line 301-303):
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Ribosome slowdown at extended [ strands could serve as a quality control mechanism, test-
ing the ability of long B strands (10 amino acids or greater in length) to eventually fold into

antiparallel B sheets outside the ribosome, and thus avoid aggregation.

We agree with the reviewer that it is likely that these 10-16 aa dipeptide repeats interact within the region
between the PTC and uL4/uL22 constriction point in a length-dependent manner. The distance from the
construction point to the PTC is about 10 amino acids (~30 A) (Lu and Deutsch, 2005; Lu et al., 2011).
Thus, bulky and charged (3 strands that are 10 amino acids or greater in length may sterically interact with
the constriction point and, lacking the ability to compact or flex, transduce this interaction signal back to
the PTC (such as for the SDD1 stall in S. cerevisiae (Matsuo et al., 2020)). We note these points in our

Discussion (lines 247-251):

At the molecular level, B strands in nascent chains could contribute to ribosome slowdown as
an allosteric relay that communicates steric interactions between the nascent chain and the
distal portions of the ribosome exit tunnel such as the ulL4/uL22 constriction to the PTC (Lu
et al., 2011; Matsuo et al., 2020; Seidelt et al., 2009; Wilson et al., 2016; Yap and Bernstein,
2009). This possibility is supported by our observation that destabilizing dipeptide repeats are
at least 10-12 amino acids long (Fig. 2C), which is consistent with the distance between the
ulL4/ulL22 constriction and the PTC.

5. I'have no doubt that there is a relationship between ribosome stalling and the regulation of gene expres-
sion. These links, however, are largely indirect in the data presented. As mentioned above, discerning
between mRNA abundance and mRNA stability becomes relevant: For example, ribosome stalling typ-
ically induces quality control mechanisms (e.g. RQC), but how this ultimately impacts on an mRNA’s
stability (i.e. its half-life) or further upstream, its production via transcriptional activation, is not clear from
the data. The authors do show actinomycin D data (Figure 2B), but not enough corroborating data showing

ribosome stalling and/or protein expression levels.
We now provide corroborating data for effects on ribosome stalling and protein levels as follows:

First, to better characterize the mechanistic link between mRNA stability and protein expression, we have
now used FACS-seq to demonstrate that destabilizing dipeptides identified in our assay cause abortive

premature termination (Reviewer 1, point 1, Fig. RR1).

Second, we performed Ribo-seq on our RRL reporters to identify specific ribosome slowdown signatures

at these dipeptide sequences (Reviewer 3, point 2).

Finally, we have discussed the potential role of RQC pathways in our response to Reviewer 2, point 1. In
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addition, we note that, while RQC pathway’s effect on mRNA stability is well established in yeast (No-Go
decay), the exact relationship between stalling and mRNA stability is not fully understood in human cells
(D’Orazio et al., 2019; Hickey et al., 2020; Sinha et al., 2020; Weber et al., 2020), and identity of the
intermediate factors that affect mammalian mRNA stability in response to ribosome slowdown remains a

subject of ongoing studies (D’Orazio and Green, 2021).

6. Perhaps the authors could also have analysed/discussed their data further in the context of related stud-
ies that they have referenced? (synonymous codon usage, mRNA structure, GC content etc — mentioned

in Line 227 onwards)?

We thank the reviewer for this useful suggestion. We have now added additional plots of our observed
codon, dicodon, and GC content level effects to Fig. S1 (reproduced below as Fig. RR6) and to our results
section (80-84). We have interpreted our results in the context of these analyses and previous studies in

our Discussion (lines 209-227) as follows:

The nascent peptide code for mRNA stability described here is significantly more complex
and localized along the mRNA than previously associated sequence features such as codons,
amino acids, and GC content (Forrest et al., 2020; Hia et al., 2019; Narula et al., 2019, Wu
et al,, 2019). We don’t observe large effects on mRNA levels due to codon optimality or GC
content in our assay (Fig. S1). This is likely because the 48 nucleotide inserts constitute only
~3% of the 1725 nucleotide coding sequence of our library reporters (Fig. 1A), which limits the
impact changing these motifs can have on overall reporter composition. Nevertheless, some
individual codon and amino acid signatures in our data agree with previous studies (Fig. 1B,
S1). For example, bulky amino acids such as Leu, lle, Val, and Phe are stabilizing on average,
though their codon-specific effects vary across previous studies (Forrest et al., 2020; Narula et
al.,, 2019, Wu et al., 2019). The amino acid serine shows prominent codon-specific effects, with
AGU and AGC codons reducing mRNA level more than the remaining codons (Forrest et al.,
2020; Hia et al., 2019; Narula et al., 2019; Wu et al., 2019). The methionine AUG start codon
and the near-cognate start codons (CUG, GUG, UUG) all promote mRNA stability (Forrest et
al., 2020; Hia et al., 2019; Narula et al., 2019; Wu et al., 2019), possibly through effects on
increased downstream translation (Wu et al., 2020). With the exception of arginine, lysine, and
glycine, our amino acid level effects correlate with the amino acid stability coefficient calculated
from endogenous transcripts (Fig S1D) (Forrest et al., 2020). While glycine codons generally
stabilize endogenous mRNAs in prior studies, all four glycine codons decrease mRNA levels
in our assay, suggesting that glycine dipeptides also cause nascent peptide-mediated ribo-

some slowdown and mRNA instability. Indeed, we find that Gly-Gly dipeptides reduce mRNA
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levels (Fig 1C) consistent with previous observations that poly-glycine motifs stall ribosomes
(Chyzyriska et al., 2021). In our data, glycine has the largest effects on mRNA levels when in
combination with Leu and Phe, suggesting a nascent peptide-mediated destabilization mech-

anism akin to that of the biochemically similar Ser-Phe dipeptides.
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Figure RR6 (Fig. S1A-D in manuscript): (A) Heatmap of mean effect of each codon on mRNA levels averaged across both
positions of 8x dicodon repeat. Values >0.50 were set to 0.51, and values <-0.5 were set to -0.51 to highlight differences in
intermediate values. (B) mRNA levels of dicodon repeats as a function of their GC content (left) or the number of GC3s in the
dicodon (right). Spearman correlation coefficient p and its P-value are shown for GC content; GC3 content had no significant
correlation with mRNA levels. (C) Average codon effects on mRNA levels as a function of their mean codon stabilization coefficient
(Wu et al., 2019). Pearson correlation coefficient p and its P-value are shown. (D) Average amino acid effects on mRNA levels
of as a function of their mean amino acid stabilization coefficient (Forrest et al., 2020). Pearson correlation coefficient p and
it's P-value are shown, calculated from the points in black. Points in red (arginine, lysine, and glycine) are excluded from this
Pearson correlation calculation.

7. Fundamentally, this is an intriguing study and has the potential to provide some incredible conceptual
leaps. | am therefore wholly supportive of the author’s intentions. However, some of the experimental

evidence feels a little premature to justify the study’s major findings.

We thank the reviewer for their enthusiastic support for our work. As explained in previous responses,
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we have performed additional experiments to substantiate some of our main conclusions. We have also
extensively revised our manuscript to ensure that our language accurately describes the results and that
our claims are consistent with the presented data. We hope that these changes satisfactorily address the

reviewer’s concerns.
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